We conducted a double-blind placebo-controlled crossover pilot study to investigate the effect of oat betaglucans (β-glucan) on glycaemic control and variability in adults with type 1 diabetes (T1D; n = 14). Stomacol ® tablets (1.53 g of β-glucan) or placebo (Plac) were administered three times daily before meals for two weeks. Glucose levels were monitored during the second week by continuous glucose monitoring (CGM). There was an increase in basic measures of glycaemic control (maximal glucose value 341 ± 15 vs. 378 ± 13 mg/dL for Plac and β-glucan, p = 0.004), and average daily risk range (62 ± 5 vs. 79 ± 4 mg/dL for Plac and β-glucan, p = 0.003) favouring Plac over β-glucan, but no increase in the M-value (the weighted average of the glucose values) or other more complex measures. Basic measures of glucose variability were also slightly increased during β-glucan treatment, with no difference in more complex measures. However, glycaemic variability increased between the first and last two CGM days on Plac, but remained unchanged on β-glucan. In conclusion, in this pilot study we were unable to demonstrate a general positive effect of β-glucan before meals on glucose control or variability in T1D.
Introduction
Betaglucans (β-glucan) are non-digestible fibres that form a viscous gel in the gastrointestinal tract [1] . They are approved by the US Food and Drug Administration for lowering low density lipoprotein-cholesterol at a dose of 3 g daily [1] . The mechanism for this effect has been suggested to involve sequestering of bile acids, analogous to regular bile acid sequestrates [2, 3] . Meanwhile, the gelling ability due to the high viscosity of β-glucans has also been suggested to positively influence postprandial glucose, and although data have been inconclusive, this ability is also recognised by the European Food Safety Authority [4, 5] . Oat β-glucan has a higher molecular weight than barley β-glucan [6] . Its high viscosity even at low concentrations (1%) is believed to delay gastric emptying, slow intestinal transit, and postpone glucose and sterol absorption, all of which may contribute to attenuated postprandial plasma glucose and insulin levels, as has been observed in subjects with type 2 diabetes [7] .
Postprandial glucose excursions and glucose variability are substantial challenges to people with diabetes, particularly those on insulin treatment, in part due to variable gastric emptying and intestinal transit time that can be secondary to either variable glucose levels themselves or to diabetic neuropathy [8, 9] . Here we aimed to test the hypothesis that oat β-glucan might positively affect post-meal glucose excursions due to their gelling ability in subjects with type 1 diabetes (T1D).
Materials and Methods

Study Set-Up and Subjects
We conducted a double blind placebo-controlled crossover study in 14 adult patients with T1D at the Department of Endocrinology, Skåne University Hospital (Malmö, Sweden), as shown in Figure 1 . In this pilot study both patients with and without previous problems with variable glucose excursions were informed and invited to participate during routine out-patient visits to the clinic. A diagnosis of T1D, insulin treatment, and informed consent were the only inclusion criteria. However, none of the study participants were taking any kind of medication that would influence gastric emptying or intestinal transit, including glucagon-like peptide-1 agonists or sodium-glucose co-transporter-2 antagonists. One female subject was pre-menopausal. It is unknown weather this could influence glucose variability but there was no difference in her glucose readings between the two periods.
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Study Set-Up and Subjects
We conducted a double blind placebo-controlled crossover study in 14 adult patients with T1D at the Department of Endocrinology, Skåne University Hospital (Malmö, Sweden), as shown in Figure 1 . In this pilot study both patients with and without previous problems with variable glucose excursions were informed and invited to participate during routine out-patient visits to the clinic. A diagnosis of T1D, insulin treatment, and informed consent were the only inclusion criteria. However, none of the study participants were taking any kind of medication that would influence gastric emptying or intestinal transit, including glucagon-like peptide-1 agonists or sodium-glucose co-transporter-2 antagonists. One female subject was pre-menopausal. It is unknown weather this could influence glucose variability but there was no difference in her glucose readings between the two periods. A double blind placebo controlled crossover design with patients with type 1 diabetes (T1D) randomized to either betaglucan (BG) tablets (1.5 g before meals three times daily) or placebo for 14 days followed by a one-week wash-out period and a new 14-day treatment period. Plasma glucose variability was assessed by blinded continuous glucose monitoring (CGM) during the last 7 days of each treatment period.
The study was designed to be as pragmatic as possible with respect to both timing of dose and the dose itself where tolerability/abdominal discomfort is the most common limitation. One Stomacol ® (Brainbridge Commerce AB, Gothenburg, Sweden) tablet (1.53 g β-glucan) or placebo (Plac) was administered three times daily before main meals for two weeks. Patients were instructed to chew on the tablets (2.9 g total weight, 7.8 × 20 mm diameter) until dissolved, and to then swallow them with a glass of water prior to having breakfast, lunch, and dinner. There was no formal control of compliance but patients were asked whether they took the tablets regularly and there was no report of missing doses unless patients ended the study prematurely (one patient). β-glucan and Plac were kind gifts from Brainbridge Commerce AB (Gothenburg, Sweden). The first two-week period was followed by an at least two-week long washout period before the second two-week period on crossover treatment. The patients were asked not to change their daily life habits or eating, but to measure plasma glucose and adjust insulin doses as appropriate just as they normally would. Primary endpoints were glycaemic control and variability. Glucose levels were monitored during the second week by continuous glucose monitoring (CGM; Medtronic iPro2™ with the Enlite ® (Medtronic, Minneapolis, MN, USA) sensor; a kind gift from Medtronic AB, Solna, Sweden). Both patients and health care providers were blinded to these readings and patients were instructed to carry on living as previously (including reporting hypoglycemia and adjusting insulin dose according to routine finger prick glucose measures). According to the rules of the ethical committees posted by the local committee at Lund University (Lund, Sweden), all forms of treatment quality assurance are exempt from ethical committee approval. Since this research involved comparing blood glucose between groups with different intake of a substance normally found in the diet of a Figure 1 . Study setup. A double blind placebo controlled crossover design with patients with type 1 diabetes (T1D) randomized to either betaglucan (BG) tablets (1.5 g before meals three times daily) or placebo for 14 days followed by a one-week wash-out period and a new 14-day treatment period. Plasma glucose variability was assessed by blinded continuous glucose monitoring (CGM) during the last 7 days of each treatment period.
The study was designed to be as pragmatic as possible with respect to both timing of dose and the dose itself where tolerability/abdominal discomfort is the most common limitation. One Stomacol ® (Brainbridge Commerce AB, Gothenburg, Sweden) tablet (1.53 g β-glucan) or placebo (Plac) was administered three times daily before main meals for two weeks. Patients were instructed to chew on the tablets (2.9 g total weight, 7.8 × 20 mm diameter) until dissolved, and to then swallow them with a glass of water prior to having breakfast, lunch, and dinner. There was no formal control of compliance but patients were asked whether they took the tablets regularly and there was no report of missing doses unless patients ended the study prematurely (one patient). β-glucan and Plac were kind gifts from Brainbridge Commerce AB (Gothenburg, Sweden). The first two-week period was followed by an at least two-week long washout period before the second two-week period on crossover treatment. The patients were asked not to change their daily life habits or eating, but to measure plasma glucose and adjust insulin doses as appropriate just as they normally would. Primary endpoints were glycaemic control and variability. Glucose levels were monitored during the second week by continuous glucose monitoring (CGM; Medtronic iPro2™ with the Enlite ® (Medtronic, Minneapolis, MN, USA) sensor; a kind gift from Medtronic AB, Solna, Sweden). Both patients and health care providers were blinded to these readings and patients were instructed to carry on living as previously (including reporting hypoglycemia and adjusting insulin dose according to routine finger prick glucose measures). According to the rules of the ethical committees posted by the local committee at Lund University (Lund, Sweden), all forms of treatment quality assurance are exempt from ethical committee approval. Since this research involved comparing blood glucose between groups with different intake of a substance normally found in the diet of a person with diabetes without introducing anything that could be considered outside of the normal diet, the study was considered to fulfil the criteria of quality assurance of blood glucose control rather than being a study of the medical effects of a new treatment.
Calculation of Indices for Continuous Glucose Monitoring (CGM) Data Analysis
The indices of glycaemic control [10] [11] [12] [13] describe to what extent the glucose data tend to remain near a target value or in a target range. There are both basic indices of descriptive statistics, and more complex indices. As regards to the former, the calculated indices were glucose mean, maximum, minimum, 50th percentile (median) as well as other percentiles, and percentages of glucose values in a target range (4.4-11.1 mmol/L, i.e., 80-200 mg/dL), and below and above a target value (4.4 and 11.1 mmol/L, respectively). More complex indices were also measured. One was the glycemic risk assessment diabetes equation (GRADE), where glucose values were transformed to yield a continuous curvilinear response with a nadir of 5.5 mmol/L and high adverse weighting to hyperglycemia and hypoglycemia using the equation where IGV is the ideal glucose value, typically assumed, as in this study, as equal to 6.7 mmol/L (120 mg/dL). Again, an average value was then taken. A third measure was the hypoglycemia index, which is the weighted average of hypoglycemic values. If the blood glucose value is lower than a given threshold, the index is:
with Gluc n and LLTR (Lower Limit of the Target Range) in mg/dL (typically, LLTR = 80 mg/dL). The hyperglycemia index, also used, is the weighted average of hyperglycemic values. If the blood glucose value is higher than a given threshold, the index is:
with Gluc n and ULTR (Upper Limit of the Target Range) in mg/dL (typically, ULTR = 140 mg/dL). Other measures were the index of glycaemic control (IGC), which is the Hypo_index + Hyper_index, and the low blood glucose index (LBGI), which is a transformation that normalizes the blood glucose scale:
for blood glucose values less than 112.5 mg/dL. Then, a risk value is assigned to each blood glucose reading as follows:
and finally, the average value is taken. The high blood glucose index (HBGI) was also obtained. Similar to the LBGI, this is a transformation to normalize the blood glucose scale for blood glucose values higher than 112.5 mg/dL. The expression of HBGI is the same as for LBGI. Finally, the average daily risk range (ADRR) is LBGI + HBGI, calculated with the minimum and the maximum glucose value, respectively. The indices of glycaemic variability [10] [11] [12] [13] measure to what extent CGM data tend to oscillate. The higher the variability, the higher the value of such indices. Some basic indices that we calculated were the glucose standard deviation (SD), the coefficient of variation, and the total and the interquartile range. More complex indices included the J-INDEX, which is a combination of information from mean and SD of all glucose values, calculated as J-INDEX = 0.001 × (mean + SD) 2 (7) and continuous overlapping net glycaemic action (CONGA n ), which is the SD of the difference between values obtained exactly n minutes apart. Typically, n is equal to 60 min (or its multiples), but in this case we performed the analysis over the glucose data available, despite the fact that the time interval between consecutive values was typically lower than one hour. Also used was the lability index:
where Gluc n (in mmol/L) is the n-th glucose value, and h n is the time when that value was collected (similarly to Gluc n+1 and h n+1 ); N is the total number of readings. Typically, h n+1 and h n are at least one hour apart, but we again exploited all the CGM data available. We also computed the mean, instead of the sum. Another index was the mean amplitude of glycaemic excursion (MAGE), which is the arithmetic mean of the glycaemic excursions that are greater than one SD. MAGE (pos) and MAGE (neg) consider the positive and the negative excursions, respectively. The shape index is based on the calculation of the point-by-point second-order derivative of the glucose curve; then, absolute value of each derivative is taken, and the average over all values is calculated. The autocorrelation index considers to what extent the glucose values tend to repeat or change during time, and the autocorrelation sequence is computed as
where x in this case is glucose, N is the total number of samples and m is the time lag expressed as number of samples; then the sequence is normalized to Ad(1), and average value is calculated to get the autocorrelation index.
Statistical Analysis
After testing for normality of distribution, values of the indices were logarithmically transformed, and possible differences between the groups were assessed by paired Wilcoxon test. p < 0.05 was considered statistically significant. Values are reported as mean ± standard deviation (SD) or standard error (SE), unless otherwise specified.
Results
One patient stopped the study prematurely and the glucose sensor reading of another failed, leaving 12 evaluated patients: 4 females and 8 males, aged 47 ± 12 years, with age at onset of T1D 25 ± 17 years and T1D duration 22 ± 16 years (mean ± SD). In general, β-glucan and Plac were well tolerated. Table 1 summarizes the CGM data from the last 7 days of the study periods on Plac and β-glucan, respectively. There were no general improvements in favour of β-glucan over Plac. Instead, there was a significant increase in some basic measures of glycaemic control such as maximal glucose and average daily risk range, but none in glycaemic risk assessment diabetes equation or M-value, which are more complex measures of glycaemic control as measured by CGM. Basic measures of glucose variability such as standard deviation were also slightly increased during β-glucan, with no difference in more complex measures (Table 1) . Table 1 . Glycaemic control and glucose variability measures during the last 7 days of a two-week period on either placebo or betaglucan tablets three times daily. Since participation in a study might result in improved glycaemic control and lesser glycaemic variability by itself, for instance due to more frequent glucose measuring and careful insulin dosing, we were also interested to see any trends over time. Indeed, whereas glucose variability tended to increase between the first and last two CGM days on Plac (coefficient of variation from 34.3 ± 1.9 to 39.1 ± 3.0%; p < 0.05), it remained unchanged on β-glucan (from 38.2 ± 3.2 to 38.9 ± 2.1%; p = ns (non-significant)), suggesting a time dependent positive effect in maintaining a stable glucose level.
CGM
Discussion
From this small-scale pilot study on the effect of pre-meal β-glucan administration on glycaemic control and glucose variability we conclude that the ingestion of 1.5 g β-glucanthree times daily for two weeks by patients with T1D was safe and well tolerated. However, with regards to the primary outcome of glycemic control and glucose variability there was clearly no benefit in favour of pre-meal β-glucan. The study dose, potentially being too low, dosing timing, potentially being too close to the meals, study duration, being too short, and lack of controlling for a range of factors that occur in real life might be important factors to consider for future interventions. With regard to the quality of the β-glucan preparation, it also seems important that a high viscosity gel be produced to affect post-prandial glycaemia [14] . Soluble dietary fibres have been shown to attenuate the postprandial rise in blood glucose levels and even reduce the risk of type 2 diabetes and cardiovascular disease [1] [2] [3] [4] 15, 16] . This effect seems to be related to its rheological properties including viscosity, which in turn depends on processing methodology with enzymatic methods being more advantageous than aqueous methods [12] . The increase in viscosity of the stomach contents is thought to delay gastric emptying and reduce the mixing of food with digestive enzymes, which in turn would retard glucose absorption. An alternative explanation to an effect on glycaemia per se could be an effect on satiety and dietary intake [17, 18] . Our study was not designed to investigate such alternatives.
While our findings were not as straightforward, a recent pilot in healthy volunteers suggests that pre-meal β-glucan ingestion might be a valid strategy to control postprandial glucose excursions [19] . A major difference between our studies is the lack of normal glucose regulation by endogenous insulin in the subjects participating here. In addition, rather than looking at a test-meal situation we investigated the potential effect on 24-h glycaemia by CGM. From our data, we conclude that for most patients with T1D, the effect of pre-meal β-glucan will not be as predictable as it would in a person with normal glucose tolerance and/or insulin and incretin secretion [20] . It is important to stress a major similarity in the studies being the instruction to ingest β-glucan prior to eating to allow sufficient time for gelling since β-glucan has otherwise been shown to be ineffective in this respect [21, 22] . This concept of "pre-load" has also been extensively studied in type 2 diabetes [23] [24] [25] .
There are several other important limitations to our study. It was small-scale and short-term, and we included a general population of patients with T1D. This means that there is limited power and that one should be careful with the generalizability of our findings. In fact, one particular observation points to that longer observation times may be advisable for future studies. Comparing the two first and two last of the seven days with CGM there was a significant increase in glucose variability on placebo, as opposed to no change on β-glucan. Given the fact that the placebo effect of participating in a study on glucose control where so many different factors contribute is expected to be fairly strong, this finding is not surprising and may point to a positive long-term effect of pre-meal β-glucan. Another limitation of the study is the choice of β-glucan dose. In fact, 1.5 g three times daily was chosen as a trade-off between expected tolerability on the one hand and the effect on cholesterol on the other, but it is quite possible that a higher dose, e.g. related to body mass or meal carbohydrate content but still limited by the expected gastrointestinal discomfort, may be more effective [1, 5] . From a technical point of view there is also the choice of CGM to evaluate the effect of β-glucan. The length of the study did not allow evaluation of classical long-term parameters such as hemoglobin A1c but there are other emerging techniques one may consider [26] .
Conclusions
In conclusion, pre-meal ingestion of 1.5 g β-glucan three times daily for a two-week period was well tolerated and safe in subjects with T1D but did not lead to general improvements in glycaemic control or glucose variability in this small-scale pilot study.
